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Abstract 
The Johnson-Jackson boundary conditions are included in the twoPhaseEulerFoam solver of OpenFOAM-2.2.x in order to 
consider the wall-friction effect on the movement of particles. A straight conveying line using Johnson-Jackson boundary 
conditions is simulated. The results show that the particles’ velocity at the wall is in better agreement with the experimental 
results [1], compared to the results of the original solver neglecting wall-friction. However, the model is valid only for a specific 
adjusted value of the specularity coefficient. Thus, Johnson-Jackson model is revisited based on the work of Li and Benyahia [2]. 
To improve the accuracy of the granular temperature contribution, a new boundary condition, which incorporates sliding and 
non-sliding collisions, proposed by Schneiderbauer et al. [3], is included in the solver. The velocity profiles of the particles, using 
the latter boundary conditions, are compared to that of the Johnson-Jackson cases as well as the experimental results. It appears 
that the boundary conditions of Schneiderbauer et al. [3] yield better agreement with experimental data since these are based on 
the physical properties and incorporate the coulomb limit to particle-wall collision. Furthermore, based on the experimental study 
of Sommerfeld and Kussin [1], wall-roughness appears to be an important factor for the transfer of tangential momentum in 
vertical direction. Accordingly, wall-roughness and shadow effect [4] are studied in order to propose a new model for including 
wall-roughness in TFM simulations. Finally, the proposed model is implemented in twoPhaseEulerFoam, and the effect of this 
phenomenon on the particle’s velocity profile is studied. The results show that wall-roughness has a strong effect on rebound and 
redispersion of the particles and accordingly changes the particles’ concentration in the section of conveying line significantly.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese 
Academy of Sciences (CAS). 
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1. Introduction 
In many industrial processes, powdery dust (like coal or cement) has to be conveyed from a feeding vessel 
towards its processing point. The associated gas-particle flow should be studied carefully in order to optimize the 
design and operation efficiency of such an industrial system. In these processes, the movement of the conveyed 
particles is strongly affected by the wall-friction and wall-roughness of the conveying line. Sommerfeld and Huber 
[4] presented an experimental analysis and modelling of particle-wall collisions. A detailed experimental analysis 
was performed with special attention to the influence of wall-roughness. They also used this experimental data to 
validate a wall collision model in the frame of the Lagrangian approach. Following this work, several experimental 
and numerical studies were conducted using the same setup to study the contribution of boundary condition in gas-
particle flow prediction. However, there are limited numerical studies concerning the effect of wall-friction and wall-
roughness in the frame of two-fluid method (TFM). 
In another work, Sommerfeld and Kussin [1] experimentally studied the wall-roughness effects on pneumatic 
conveying of spherical particles in the same narrow channel. In this study, the significant effect of wall-roughness on 
particles’ behaviour colliding with the wall is demonstrated. It was concluded that wall-roughness has a strong effect 
on rebound and redispersion of particles. 
Benyahia et al. [5] evaluated different boundary conditions for modelling a dilute, turbulent gas-solid flow in a 
pipe. In this study, it was observed that the experimental data for solids velocity fall between the small-friction/all 
sliding and large-friction/no-sliding limits of Jenkins and Louge [6]. However, there was no obvious way to 
interpolate between the two limits and to get a good match with experiment. Therefore, Johnson-Jackson boundary 
condition with its adjustable specularity coefficient was considered as an alternative way of using the boundary 
condition of Jenkins and Louge [6] (a high specularity coefficient for large-friction/no-sliding limit and a low 
specularity coefficient for small-friction/all-sliding limit). 
   Schneiderbauer et al. [3] developed boundary conditions, which include sliding and non-sliding conditions in 
one expression with more accuracy in granular temperature prediction. This model delivered the same results as the 
calculation of Jenkins [7] for large friction/no sliding and low friction/all sliding limits. 
Considering the fact that wall boundary conditions for the solids wall shear stresses and the granular temperature, 
i.e. the transfer of momentum and energy, play an important role in the behavior of particles in a typical pneumatic 
conveying line, the present study is a preliminary step towards the improvement of boundary condition modeling in 
gas-particle flows, by considering the effect of wall-friction and wall-roughness, within kinetic theory, based TFM. 
Different boundary conditions are implemented in the standard solver of OpenFOAM-2.2.x and evaluated based on 
the comparison with experimental data. 
 
 
Nomenclature 
Latin Symbols 
D  Dissipation of energy 
e  Restitution coefficient 
g  Gravity  
0g  Radial distribution function 
G  Generation of energy 
vJ  Dissipation term of energy 
N   Normal stress 
p   Pressure 
R  Particle diameter 
u  Velocity 
q   Flux of pseudo thermal energy 
S  Shear stress 
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Greek Symbols 
D  Impact angle 
qD  Volume fraction of phase q 
E  Interphase momentum exchange 
0E  Tangential coefficient of restitution J  Virtual wall angle 
TJ  Dissipation of energy by viscous damping 
s*  Production of energy 
P  Wall-friction factor 
U  Density 
V  Standard deviation of roughness 
I  Specularity coefficient   
Ic  Effective specularity coefficient  
4  Granular temperature    
 
Sub/superscripts 
g  Gas phase 
n  Normal component 
p  Particle 
s  Solid phase 
t  Tangential component 
w  Wall 
sl  Sliding 
ave Average value over the cross section 
2. Preliminary simulations 
In the present work, we simulate the gas-particle flow in a straight horizontal channel, using kinetic theory based 
TFM. Two-fluid model is a method originating from Eulerian representation of the dispersed phase, i.e. it is 
considered as a fluid.  
Thus, the continuity equation reads: 
  0.  ww qqqqqt uUDUD    (1) 
where, q denotes either gas (g) or solid (s) phase. 
Momentum balance for gas phase is nearly the same as in case of single-phase flow. It is extended by an 
interphase exchange term  sg uu E  between the particle and the gas phase and the volume fraction gD  of the phase: 
   
  guuT
uuu
ggsgggg
ggggggg
p
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where, gT denotes the shear stress tensor for the gas phase. The interfacial momentum exchange term is computed 
by drag coefficient of Wen and Yu [8]. The momentum balance for the solid phase is given by: 
   
    guuSS
uuu
sssg
fr
s
kc
ss
sssssss
p
t
UDED
UDUD

 w
w
.
.    (3) 
where, kcsS denotes the solids stress tensor arising from the kinetic and collisional contributions, frsS the stress tensor 
from frictional contributions. For more details on the closures of kcsS  and frsS  , the reader is referred to 
Schneiderbauer et al. [8]. 
Finally, the balance equation for granular temperature is given by: 
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   (4) 
The first term on right hand side of the equation, denotes the generation of pseudo-thermal energy. The second 
term represents the diffusion of pseudo-thermal energy. 
vJ is the dissipation term, 4J  describes the dissipation of 
energy by viscous damping and 
s*  describes the production of energy by gas-particle slip between the solid phase 
and the gas phase [8]. 
 In the present study, equations (1)-(4) are used to numerically model the gas-particle flow in a straight channel, 
studied experimentally by Sommerfeld et al. [1]. The dimensions of the channel are: length=6m, height= 35mm, 
wide=350mm. The computed domain contains 3428×20 uniform cells. The particles diameter is equal to 195 mP  
and the density of particles is 2450 kg/m3 with a loading ratio of 0.3 (dilute regime). The carrier gas is air with 
15.1 U kg/m3 and average velocity equal to 20 m/s. 
In Fig. 1 the vertical profiles of particle’s velocity for different wall roughness resulted from Sommerfeld and 
Kussin’s work at x=5.8m are plotted. The velocity profile obtained from twoPhaseEulerFoam solver (in which the 
wall friction is ignored), is represented by the black dashed line. The figure shows that the predicted velocity profile 
is more asymmetric (lower velocities at the top of the channel) than the experimental data. 
Furthermore, the experimental work of Sommerfeld and Kussin shows that the wall-roughness introduces a 
transfer of horizontal momentum in vertical direction, originating from the effect of wall-roughness on the particles’ 
rebound and redispersion. This effect is more pronounced especially in horizontal conveying lines. Hence, in a 
narrow horizontal channel, where particle-wall collisions dominate the particle behavior, an increased wall 
roughness is expected to considerably change the vertical profile of particle velocity [1]. 
 
 
Fig. 1.  Measured velocity Profile for the 195 mP  particles at a mass loading of 0.3 for different wall roughness (low roughness (R0), high 
roughness (R2)). 
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Considering the fact that in the numerical analysis, wall friction and wall roughness are neglected, particles with 
high velocity are moving from the center of the channel towards the lower wall (because of the effect of gravity), 
where they experience neither wall friction nor wall roughness. Therefore, there are fast-moving particles at the 
lower wall, without wall friction against their movement to decrease their velocity as observed in the experiment. 
These fast moving particles also do not face wall-roughness effect, which causes increased redispersion of particles. 
Accordingly, the model does not introduce any vertical momentum. 
However, the work of Sommerfeld and Kussin reveals that increasing wall-roughness results in a decrease of 
horizontal momentum. In fact, increasing the wall-roughness leads to increasing particle's redispersion and thus, 
results additionally in a more symmetric profile. Therefore, in order to reach more realistic results and better 
agreement with the experiment, in the present study, the wall-friction and wall-roughness are implemented in the 
standard TFM solver of OpenFOAM (twoPhaseEulerFoam). 
In the next section, the boundary conditions derived by Johnson and Jackson [9] and their implementation in 
OpenFOAM are presented. In the next step, the revisited Johnson-Jackson boundary conditions [2] are studied and 
as a third step, the more recent boundary conditions of Schneiderbauer et al. [3] are implemented. Finally, a model 
for including wall-roughness effect in the solver, which is based on the idea of using virtual wall angle model of 
Sommerfeld [10], in comprehensive boundary conditions of Schneiderbauer et al. [3] is proposed. 
Evaluating different boundary conditions demonstrates that the boundary conditions of Schneiderbauer are more 
comprehensive as they account for both sliding (coulomb’s law) and non-sliding collisions for the derivation of the 
solids shear stresses and the flux of fluctuation energy. Recently, it has been shown that using these boundary 
conditions reveals considerably improved accordance of the solids velocity in spout beds with measurements [8], 
while using the boundary conditions of Johnson and Jackson does not yield appropriate agreement with the 
experimental data. 
3. Including wall-friction in the solver 
3.1. Johnson-Jackson boundary conditions 
Johnson and Jackson [9] developed boundary conditions that consider the tangential solids shear stress ( S ) and 
the flux of fluctuation energy ( q ) at a flat frictional wall. 
sl
suS 4 
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The specularity coefficient, ϕ, is a factor used in numerical modeling to specify the roughness or smoothness of 
the wall. The parameter changes between 0, for a smooth wall and 1, for a rough wall. Specularity coefficient 
depends on a number of factors including the material of the wall, the type of particles and the sloping/geometry of 
the walls [9]. As a result, this factor increases the flexibility of Johnson-Jackson boundary conditions according to 
the flow behaviour. In order to reach good agreement with the experiment, different specularity coefficients should 
be examined. 
Equation (5) shows the shear stress used in boundary conditions of Johnson-Jackson and Equation (6) represents 
the flux of fluctuation energy for extracting granular temperature. Both of these equations are implemented in 
OpenFOAM through a mixed boundary condition. 
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3.2. Revisited Johnson-Jackson Boundary Conditions 
As mentioned in the last section, in Johnson-Jackson boundary conditions, the momentum and energy transfer 
due to the colliding particles were characterized by a coefficient of specularity, which plays an important role in the 
prediction of solid flow. Li and Benyahia [2] revisited the Johnson and Jackson boundary conditions for granular 
flows and derived an equation for specularity coefficient. For this purpose, they considered the specularity 
coefficient as the average fraction of relative tangential momentum transferred in a particle-boundary collision. This 
model guarantees that shear stress is limited by Coulomb’s law. In their equation, specularity coefficient is a 
function of restitution coefficient, wall-friction factor and normalized sliding velocity. Bellow, the derived equations 
for specularity coefficient are presented [2]: 
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3.3. Schneiderbauer boundary conditions    
The revisited Johnson-Jackson boundary conditions only focus on the boundary traction. Hence, further analysis 
is still needed to improve its accuracy when applied to the boundary condition for granular temperature. For instance, 
the effect of wall-friction factor does not appear in dissipation term of granular temperature (second term of the right 
hand side of Equation (6)). 
Therefore, to improve the boundary field and accordingly the internal field, the boundary conditions of 
Schneiderbauer are implemented in the solver. These boundary conditions propose a theory connecting non-sliding 
and sliding collisions in one expression. Furthermore, the model is more accurate in calculating flux of fluctuation 
energy as the effect of wall-friction appears also in dissipation term of granular temperature. 
The shear stress, derived by Schneiderbauer et al. [3], which is used through a partial slip boundary condition in 
OpenFOAM is described as: 
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4. Wall-roughness modelling and implementation in OpenFOAM 
To include wall roughness effect in the solver, we start from the virtual wall angle model of Sommerfeld [10] 
(Fig. 2). This model was originally developed for single particle-wall collisions. In this section, we present its 
generalization to two-fluid models. Furthermore, the continuous variant is then coupled boundary conditions of 
Schneiderbauer et al. [3]. 
 Therefore, in this section, first, the virtual wall model of Sommerfeld [10] is reviewed and then the idea of 
implementing virtual wall model in the general boundary conditions of Schneiderbauer et al. [3] is presented. 
4.1. Virtual wall angle model 
The effect of wall roughness can be introduced into the boundary relations by means of the so-called ‘‘virtual 
wall’’ model of Sommerfeld [10]. This model is based on the replacement of the actual wall, which in our case is a 
horizontal wall, by a virtual rotated wall (Fig. 2. (a)). 
 
 
Fig. 2.  (a) The virtual wall model and shadow effect; (b) The particle can hit the front or backside of a wall triangle element. 
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The rotation angle of the wall (inclination of roughness) is defined based on a Gaussian distribution function 
( ),( EVf ) with a given standard deviation  , which is characterized by the particle diameter and wall roughness 
measured by experiment, and a zero mean value.  
For each characterized collision parameters, there are a large number of particles colliding with the wall. The 
effective mean roughness angle seen by an ensemble of particles, can be calculated by computing the expectation 
value for E  in ],[ fD . Integrating from D  as the negative value of the impact angle ensures that the angles, in 
which particles collision with the wall is not possible physically, are disregarded (shadow effect) (Fig. 2. (b)). 
Accordingly, this causes a shift of distribution function towards the positive values. 
EEV
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Evaluating Equation (14) yields: 
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Equation (15) represents the dependency of rotation angle to the impact angle of particles D  and the standard 
deviationV . The velocity components in the virtual wall co-ordinate system are [11]: 
YXyx ,, Puu     (16) 
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According to the equations (16) and (17), using the rotated coordinate system (x,y), results in an increase of the 
vertical component of velocity. The virtual wall model is implemented in the following section. 
4.2. General boundary conditions of Schneiderbauer 
Using virtual wall model leads to the generation of vertical component of velocity. As a result, in derivation of 
the shear stress, the vertical component of velocity cannot be neglected as in equations (5)-(10) (Note this additional 
vertical component of the solids velocity can be interpreted as local compression of the granular gas [3]). Therefore, 
the normal stress (due to non-zero vertical solids velocity) at the walls and its contribution to the generation of 
fluctuating energy should also be taken into consideration. These are satisfied in generalized boundary conditions of 
Schneiderbauer et al. [3]:  
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Equation (18) represents the normal stress and equation (20) shows the tangential stress at the wall. Accordingly, 
the following equations show total flux of fluctuation energy: 
DGq     (22) 
nt NuSuG   uτ.    (23) 
In these equations, the first term G  describes the generation of the fluctuation energy and D describes the 
dissipation of fluctuation energy. The equations derived for the dissipation term with non-zero vertical component of 
velocity, can be followed in the work of Schneiderbauer et al. [3], where the authors used Taylor series for its 
derivation. Using the general form of stresses and the rotated velocity components leads to the transfer of the 
horizontal momentum in vertical direction. This is because of its contribution to the granular temperature and can be 
observed in the results provided in the next section. 
5. Results 
The numerically predicted velocity profiles of particles at the end of the channel (x=5.8), using different 
boundary conditions, are represented in this section. 
In Fig. 3, vertical profile of particles’ velocity, using Johnson-Jackson boundary conditions, are compared to that 
of experimental work [1] for different specularity coefficients. 
 
 
Fig. 3.  Normalized velocity profile of particles using Johnson-Jackson boundary conditions and comparison with experimental data (low 
roughness (R0), high roughness (R2)). 
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In this figure, it has been illustrated that the flow field is very sensitive to the choice of specularity coefficient. 
Even very small changes in specularity coefficient make significant changes in the velocity profile of particles. 
Furthermore, in numerical study adjusting an appropriate specularity coefficient to fit the experimental data is a 
time-consuming process.  
Fig. 4. (a) shows the normalized velocity profile in the same section of the channel using revisited Johnson-
Jackson boundary conditions for different wall-friction factors. As it is illustrated in Fig. 4. (a), using revisited 
Johnson-Jackson boundary conditions results in good agreement with experiment for lower wall-roughness (R0), but 
for higher wall-roughness (R2), even with wall-friction factor equal to 0.4 (maximum value for steel wall and glass 
particle [4]), the agreement is not achieved.   
In Fig. 4. (b) the particles’ velocity profiles resulted from using the boundary conditions of Schneiderbauer et al. 
[3], have been compared to those of Sommerfeld [1] (experimental measurements). Fig. 4. (b) demonstrates that 
with increasing the wall-friction factor, the velocity profile of particles moves toward the lower values, and the 
decrease of the momentum at the walls can be clearly seen. According to this figure, there is a good agreement of 
the simulated velocity using the latter boundary conditions with measurements of Sommerfeld for wall-friction 
factor equal to 0.3 and 0.37.  
Figures 3 and 4 indicate that wall roughness may be modeled by using an effective coefficient of wall friction. 
However, using such a strategy requires a tuning of the coefficient of friction by successive comparison with 
experiment since the underlying physical properties, i.e. coefficient of friction between two materials, cannot be 
used. 
Fig. 5. (a) shows how the velocity decreases with the increase of the standard deviation of the roughness angle in 
a constant wall-friction factor equal to 0.2, and Fig. 5. (b) shows the experimental data [1].  
In the experimental work of Sommerfeld, the roughness is described based on two length-scales (roughness in 
stream-wise direction and roughness in lateral direction), while in the present study it is modelled based on the wall-
roughness angle (standard deviation) and the impact angle of particles. Accordingly, because of the lack of a 
correlation between experimental wall-roughness and numerical one, it is impossible to compare velocity diagrams 
directly. However, wall roughness characterization, using standard deviations for different material pairs, has been 
presented by, e.g., Sommerfeld and Huber (1999). 
Fig. 5. (a) and Fig. 5. (b)  demonstrate the same trends of velocity decreasing with increasing the wall-roughness, 
which is the result of increasing standard deviation angle of virtual wall model in the present simulation.  
 
 
Fig. 4. Normalized velocity profile of particles  (a) using revisited Johnson-Jackson boundary conditions and comparison with experimental data; 
(b) using Schneiderbauer boundary conditions and comparison with experimental data (low roughness (R0), high roughness (R2)). 
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Fig. 5. Normalized velocity profile of particles (a) using Schneiderbauer boundary conditions including wall-roughness effect; (b) resulted from 
the experimental work of Sommerfeld (low roughness (R0), high roughness (R2)). 
Fig. 6. (a) represents normalized profile of particles’ volume fraction in the cross section of the channel predicted 
by the solver and Fig. 6. (b) represents normalized particles’ concentration resulted from the experimental work of 
Sommerfeld. 
Comparing Fig. 6. (a) and Fig. 6. (b)  demonstrates that from low roughness to high roughness there is a rotating 
trend towards unification of particles concentration in the cross section of the channel. 
The figures reveal that the increase of wall-roughness causes the increase of particles’ rebound and redispersion, 
whereby the particles concentration profiles tend to uniform condition (steeper slope). In other words, rebound of 
particles leads to the enhancement of the particles’ concentration at the upper wall and decrease at the lower wall.  
The same trend of Fig. 6. (a) and Fig. 6. (b) is another confirmation that the idea of using virtual wall model of 
Sommerfeld in combination with boundary conditions of Schneiderbauer yields appropriate agreement with 
measurements.  
 
 
Fig. 6. (a) Normalized volume fraction of particles using Schneiderbauer boundary conditions including wall-roughness effect (WR:without 
roughness); (b) Normalized particles’ concentration resulted from the experimental work of Sommerfeld (low roughness(R0), high 
roughness(R2)). 
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6. Conclusion 
This paper presents a numerical simulation of particulate flow in a narrow horizontal channel with modification 
of a standard solver in OpenFOAM-2.2.x. 
First, wall-friction effect has been implemented in the twoPhaseEulerFoam starting from Johnson-Jackson 
boundary conditions. However, these boundary conditions suffer from two main deficiencies: 
x These boundary conditions do not distinguish between sliding and non-sliding conditions at the particles’ 
collision with the wall.  
x The specularity coefficient cannot be defined as material property and therefore cannot be measured by 
experiment. 
Second, the revisited Johnson-Jackson boundary conditions are implemented. However, this model is missing the 
effect of wall-friction in dissipation term of fluctuation energy. Especially, at high wall-friction factors using these 
boundary conditions does not yield a further reduction of the horizontal solid phase velocity.  
Third, the boundary conditions of Schneiderbauer et al. [3] are implemented in the solver. These boundary 
conditions include the effect of wall-friction in both boundary traction and granular temperature part. These 
boundary conditions also include sliding and non-sliding condition in one expression.  
Furthermore, these boundary conditions account for the local compression of the granular gas (non-zero normal 
velocities of the particle phase at the walls), which is required for the wall-roughness model.  
Finally, the wall-roughness effect is implemented in twoPhaseEulerFoam based on the idea of using virtual wall 
model of Sommerfeld [3] in general boundary conditions of Schneiderbauer. The results show good agreement with 
the experimental work of Sommerfeld [3]. Furthermore, such a strategy allows the separate definition of the 
coefficient of wall friction and wall roughness, since both physical effects are considered independently. 
In conclusion, the granular Eulerian solver, delivered with OpenFOAM (twoPhaseEulerFoam), has been 
generalized considerably by including wall-friction and wall-roughness effects. Nevertheless, the solver still needs 
additional improvement such as considering the turbulence effects in turbulent gas-particle flows. Furthermore, 
more investigations will be conducted in future work for validating the granular temperature of particles.  
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